Cardiac output measurements determined by dye dilution, iced-injectate thermodilution and room temperature thermodilution were compared in man in order to assess the random error of each method and to examine the systematic error of both thermodilution methods in comparison with dye dilution. Results showed that random error was greatest with room temperature thermodilution and least using iced thermodilution. Iced thermodilution correlated well with dye dilution, tending to overestimate cardiac output only at low flows. Room temperature thermodilution, however, overestimated cardiac output by up to 25% in the clinically important range and more so at low cardiac output.
The principal methods used to measure cardiac output (CO) in man are the Fick method, the dye dilution method l ,2 and the thermodilution method using iced or room temperature injectate. 3 ,4 Of these, the Fick and dye dilution methods have been accepted as the methods of reference 5 and correlate well with each other, 6 although even these reference methods exhibit inherent variability or random error 7 which become important when comparing them with other methods which may differ by only a small value.
Thermodilution methods have been reported to correlate variably with these methods,8,9 ranging from close correlation 5 ,ID to overestimation, particularly at Iow flows. 6 ,8,11,12 A number of investigators have advocated the use of iced (0 Q -4 QC) rather than room temperature injectate to minimise the error in the thermodilution technique that is due to fluctuations in pulmonary artery temperature. 13 Recent work in animals comparing the use of iced and room temperature methods with dye dilution has shown that when room temperature injectate is used, both the random and systematic errors are greater, particularly at Iow cardiac outputs. 9 No systematic study appears to have been made in man comparing the relative accuracy of iced and room temperature thermodilution methods.
The purpose of this study was to compare iced and room temperature thermodilution methods with each other and with dye dilution in twelve critically ill patients over a wide range of cardiac outputs in order to assess the intrinsic variability or random error of each method and the systematic error of the. three methods in comparison with each other.
MATERIALS AND METHODS
Twelve intensive care patients with a quadruple lumen Swan-Ganz catheter (model 93A-131-7F, Edwards Laboratories, Santa Ana, California, U.S.A.) in situ, were selected for study. In each patient, cardiac output was determined by dye dilution, iced thermodilution and room temperature thermodilution. All estimations were performed sequentially but in randomised order on haemodynamically stable, ventilated patients at end-expiration at a single sitting over 20 minutes. During this period, the selected patient's blood pressure was observed to be stable, so that any minute-to-minute variation in cardiac output during the measurement period was likely to be minimal, and any systematic error in the measurements would be unbiased due to the random order of the methods used. The mean of each method was then taken and compared with the others.
Dye Dilution
Indocyanine Green (ICG, Cardio-Green, Hynson, Wescott and Dunning Inc., Baltimore, U.S.A.) 5 mg in 2 ml of solvent was injected manually over 0.5 seconds into the right atrial orifice of the Swan-Ganz catheter and flushed immediately with 5 ml of normal saline. Arterial blood was withdrawn via a radial artery cannula using a constant-rate syringe withdrawal pump (Gilford Model 103R) at 20 mllmin through a Densitometer Cuvette (Gilford Model 3051) and recorded on a paper chart recorder (Yokogawa Technicorder F, Model 3051). Calibration was performed by adding known amounts of ICG to the patient's blood and measuring the optical densities. Calculation of cardiac output I was then performed using the Stew art Hamiltpn formula in the form:
where M is the mass of dye injected, 60 is the conversion factor to yield IImin and J: c (t)dt is the area under the dye dilution curve. The area under the curve was calculated according to the forward triangle method of HetzeP4 as follows:
x Tp x Ht
Area k x cal (cm/mg/I) where k = 0.37, a factor based on SVC or central injection,15 Tp is the time to peak concentration in seconds, Ht is the curve height in cm and cal is the calibration factor converting height to concentration, based on in vitro calibration with known amounts of dye.
Three such estimations were made per patient and the mean of the three readings taken. The total number of estimations was 36. Thermodilution
Iced injectate thermodilution measurements were performed using 5070 dextrose 10 ml at a temperature of 0 QC-1.16 QC. A reservoir bag of 500 ml of 5070 dextrose was submerged in an iced water bath overnight and from this 10 ml was withdrawn rapidly into a pre-chilled syringe and injected within 10 seconds into the right atrial orifice of the Swan-Ganz catheter over 1.5 seconds with minimal handling, using an OMP Thermodilution Injector (Model 3700). Cardiac output was then computed using an Edwards CO computer (Model 9520).
Three to six estimations were carried out per patient, and the mean of these taken. The total number of estimations was 56.
Room temperature thermodilution measurements were performed using 10 ml of 5070 dextrose at ambient temperature, ranging from 17.5-21 QC and cardiac output determined as above. Four to seven estimations were carried out per patient and the mean of these taken. The total number of estimations was 68. 
RESULTS
A total of 36 dye dilution cardiac output measurements were compared with corresponding thermodilution measurements to assess the random and systematic errors of Anaesthesia and Intensive Care. Vol. 1 J, No. 2, A1ay, /983 these methods. The range of cardiac outputs measured varied from 3.20-12.69 l/min.
PERCENT AGE RANDOM VARIATION FROM MEAN 
Random Error
The intrinsic variability of each method was examined by calculating for every patient the percentage deviation of individual measurements from the mean, and the standard deviation. The results are shown in greatest degree of scatter, varying between -15070 to +22% from the mean, with a mean standard deviation of 6.6%. Measurements made by iced thermodilution showed the least degree of scatter about the mean, varying between -11 % to + 9.4% and a mean standard deviation of 4.3%. Measurements made by dye dilution showed a random variation between these two. 
Systematic Error
Comparison between dye dilution CO measurements and iced lllJectate thermodilution CO measurements is shown in Figure 4 . Perfect correlation would be indicated by the broken line. However, the computed regression line for the data points as determined by linear regression analysis, yielded the equation COl = 0.95 X COD + 1.04 where COl = cardiac output determined by iced injectate thermodilution and COD = cardiac output determined by dye dilution. This line lies above and to the left of perfect correlation indicating that iced injectate tends to overestimate CO as compared with dye dilution, more-so at low cardiac outputs. The correlation co-efficient (r) was 0.93 (p <0.001) indicating close correlation between the two methods. Comparison between dye dilution CO measurements and room temperature thermodilution CO measurements is shown in Figure 5 . The computed regression line yielded the equation CORT = 0.86 X COD + 1.99 where CORT = cardiac output determined by room temperature thermodilution. This line lies further to the left of perfect correlation than in the case of iced thermodilution, the resulting overestimation of CO being by up to 25070 in the clinically important range and by up to 50070 at very low cardiac outputs. The correlation coefficient (r) is 0.8 (p <0.001). Figure 6 reinforces these differences between iced and room temperature thermodilution methods. The computed regression line has the formula CORT = 0.94 X COl + 0.82 and the correlation co-efficient (r) is 0.93. 
DISCUSSION
The results of this study indicate that a systematic error in the estimation of CO by thermodiluton occurs such that both iced and room temperature thermodilution methods overestimate cardiac output in comparison with dye dilution. This confirms some of the results previously reported by other authors in comparing the three methods ( Table 2 ). In particular, the use of room temperature injectate may significantly overestimate CO in comparison with both the other methods, especially in the range of low cardiac outputs. Studies by Swinney, at the University of Southern California Medical Centre, Los Angeles in 1980 (unpublished), confirm that occasionally room temperature thermodilution may overestimate CO in comparison with iced injectate by more than 25-50070.
The degree of overestimation by thermodilution methods as compared to dye dilution depends in part on the method of curve area analysis used in the dye method. Estimation of dye curve area by the forward triangle method described here has the advantage that it is independent of extraneous factors affecting the variability of the down slope of the dye curve, although an inherent drawback is its extreme sensitivity to any inaccuracy in the appearance-to-peak measurement. 5 Nevertheless, the error in the forward triangle methods of curve area analysis is such that an overestimate of cardiac output may be made, particularly at low flows. 17 Correction for this error therefore would only serve to increase the discrepancy between the dye method and thermodilution methods.
Another source of error in the thermodilution methods involves heat gain by the contents of the syringe prior to injection into the patient. This heat gain will be greatest using iced injectate, where even with careful handling, the temperature of the syringe may increase 1 QC per minute 9 and by up to 1 QC per 20 seconds if less care is taken,18 with a consequent overestimate of cardiac output. The method employed here involved virtually no manual handling of the syringe, the pre-chilled syringe attached to the thermodilution gun being used to withdraw injectate from an equilibrated water bath and injected within 10 seconds into the Swan-Ganz catheter. Such heat gain as may have occurred would serve to decrease the disparity between the iced and room temperature methods.
Anaesthesia and illfensive Care, Vol. 11, No. 2, May. 1983 The overestimation of CO by the thermodilution methods as compared with dye dilution has been explained as due to loss of thermal indicator between its emergence from the right atrial orifice and the sensing thermistor in the pulmonary artery;8 the slower the flow, the greater heat gain would be expected to occur by equilibration of the thermal indicator with the surrounding blood, hence the less the ultimate area recorded under the concentration-time curve, comprising the denominator of the Stewart-Hamilton equation. This would lead to progressive overestimation of cardiac output at low flows. It would appear that this phenomenon is exaggerated when room temperature injectate is used instead of iced injectate, presumably because a greater proportion of the total thermal indicator is lost to the surrounding tissues between the site of injection and its detection at the thermistor tip, than is the case with iced injectate.
A further source of error in the use of room temperature thermodilution appears to arise from fluctuations in pulmonary artery temperature due to respiration. These variations of ±0.01-0.02 QC represent physiological noise and decrease the signal-to-noise ratio available with room temperature injectate. Thus both the random and systematic errors are greater than with the other methods.
The use of room temperature thermodilution is by far the commonest method of CO estimation as it avoids the complexities of curve area analysis and is simpler to perform than iced injectate thermodilution, obviating the problem of heat gain during preparation and handling of the syringe. One should be aware, however, that both thermodilution methods, and particularly room temperature thermodilution, may overestimate CO and that correction for this should be applied if accurate values, particularly at low cardiac output, are to be obtained. However, providing one uses iced injectate, then the differences frQm dye dilution are unlikely to be of clinical significance.
Correction formulae may be derived from the computed regression lines as follows:
COl -1.04 Corrected CO = -------0.94
CORT -1.99 Corrected CO = -------0.86
